The responses to various stresses involved with cryopreservation protocols were investigated using non-human primate oocytes. Fluorescence microscopy was used to assess the status of the F-actin microfilament system of rhesus monkey oocytes after exposure to different concentrations of giycerol. The F-actin organization around the cortex and hi the transzonal processes was modified by exposure to 1.0 or 2.0 M giycerol at ambient temperature. These effects were reduced significantly when exposure to giycerol was combined with cooling to 0°C. Cynomolgus monkey oocytes were also subjected to hyperosmotic stress and observed for morphological changes. An irregular shrinkage phenomenon was observed with germinal vesicle or metaphase I but not metaphase II (Mil) oocytes. The irregular shrinkage became uniform and spherical when the oocytes were pretreated with ethyleneglycol-bis-(p"-aminoethyl ether)N,N,N',N' tetraacetic acid (EGTA) before exposure to hypertonic solution. Also, in-vitro-matured Mil oocytes from cynomolgus monkeys were used to determine crucial biophysical parameters for freezing primate oocytes. The permeability of oocyte plasma membrane to water, Lpg, and its activation energy, E^ were determined between 0 and -12°C in the absence of cryoprotective additives. The Lpg was found to be 3.8 X10" 14 m 3 N/s and the E Lp was 141.5 kj/mol. The pre-exponential kinetic and exponential thermodynamic parameters of intracellular ice formation were determined to be 8X10 8 m 2 /s and 2.2 X10 9 K 5 respectively. By combining models of water transport and intracellular ice formation, the cumulative fraction of oocytes with intracellular ice as a function of the cooling rate was also predicted, and it was shown to correlate reasonably with experimental observations.
Introduction
The ability to cryopreserve non-human primate oocytes under optimal conditions will be relevant to the development of techniques for freezing human oocytes, which is now needed in human in-vitro fertilization (IVF) programmes for both clinical and ethical reasons (Freidler et al., 1988; Trounson, 1990; Gook et al., 1994) . According to the 1992 statistics (Medical Research International and the American Fertility Society, 1992) , only a few pregnancies have been achieved following IVF of >900 frozen-thawed oocytes. Furthermore, the cryopreservation of non-human primate oocytes may help to save the genetic material of endangered primate species (Ballou, 1992) and to store surplus oocytes produced by ovarian superstimulation protocols. The only report of attempted oocyte cryopreservation in non-human primates concerned the squirrel monkey (Saimiri sciureus; DeMayo et al., 1985) . The viability of frozen-thawed squirrel monkey oocytes, as judged by their ability to exclude trypan blue stain and to incorporate fluorescein diacetate, was compromised drastically. Differences in the ability to cryopreserve mammalian oocytes may be because the empirically derived freezing protocols for mouse oocytes were transferred without rational modification to die primate species. Thus, to develop an effective technique for the cryopreservation of non-human primate oocytes, it is important to understand the intrinsic cellular properties that determine their response to freezing.
If not executed properly, each phase of a cryopreservation protocol can be lethal to the oocytes (Whittingham, 1977) . The addition and removal of cryoprotective additive and cooling from 37 to 0°C can result in death of the oocytes even prior to a freeze-thaw cycle. Exposure to different cryoprotective agents and cooling has been shown to damage the actin and microtubule cytoskeletal systems of oocytes from rabbit (Vincent et al., 1989) , mouse (Vincent et al., 1990) , cow (Parks and Ruffing, 1992; Williams et al., 1992) and goat (Le Gal et al., 1994) . However, no current information exists on the stability of die cytoskeleton of non-human primate oocytes with respect to cryoprotective additives or cooling. In particular, cryoprotective additives or cooling may influence the stability of oocyte cortical actin or the actin-rich transzonal processes that are thought to regulate the meiotic status in mammalian oocytes (DeSmedt and Szollosi, 1991; Albertini and Rider, 1994) .
Furthermore, cell injury may be associated with the actual freezing process (Mazur, 1984) . The oocytes may be damaged by the high concentration of intracellular electrolytes that result from water loss during slow freezing. Damage during rapid freezing may result from the formation of intracellular ice crystals. To avoid or at least minimize the freezing injury during oocyte cryopreservation, cooling rates should be fast enough to minimize the exposure of the oocytes to high intracellular concentrations of electrolytes but slow enough to avoid the damaging intracellular ice formation. To design a freezing protocol which avoids excessive dehydration while minimizing damaging intracellular ice formation, the biophysical parameters governing water transport and ice nucleation need to be determined. To date, the parameters for water transport are known for hamster (Shabana and McGrath, 1988) , bovine (Myers et al, 1987; Parks and Ruffing, 1992; Ruffing et al, 1993) , human (Hunter et al, 1992a,b) and mouse oocytes at suprazero Bernard et al., 1988; Hunter et al, 1992a) and subzero temperatures (Toner et al, 1990a) . Ice nucleation parameters of oocytes are known only for mice (Toner et al, 1990b) .
Here, we have investigated the response of non-human primate oocytes to (i) exposure to glycerol, a common cryoprotective additive, (ii) cooling to 23 and 0°C in both the absence and presence of glycerol, and (iii) freezing under well-defined physico-chemical conditions using cryomicroscopy. The information obtained here will be valuable for designing freezing strategies for the cryopreservation of primate oocytes.
Materials and methods

Animals
Rhesus (Macaca mulatto) and cynomolgus (Macaca fascicularis) monkeys were employed in this study. Oocytes collected from six rhesus monkeys (aged 5-8 years) were used to study the effects of glycerol on their F-actin organization, whereas oocytes collected from 12 cynomolgus monkeys (aged 10-15 years) were used to study the static osmometric behaviour, the subzero water permeability and the kinetics of intracellular ice formation. The studies were performed during the breeding seasons (1991, 1992) because more oocytes matured from isolated follicles during this time compared with the non-breeding season. The growth of multiple antral follicles in the cynomolgus monkeys was induced by a single s.c. injection of 1000 IU pregnant mare's serum gonadotrophin on days 3-9 of the onset of menses (Younis et al., 1994) . All animals (rhesus and cynomolgus) were ovariectomized at -7-12 days after the onset of menses. The animals were caged individually in rooms maintained at a constant temperature of 23°C and a 12 h: 12 h dark-light cycle between the months of September and January.
Oocyte isolation and in-vitro maturation
Ovaries were collected after laparotomy under halothane anaesthesia and placed in a Petri dish (60X12 mm; Falcon; Becton-Dickinson Labware, Lincoln Park, NJ, USA) containing warm (35°C) HEPESbuffered M-199 (Sigma Chemical Company, St Louis, MO, USA). The ovaries were then washed and cleaned of blood and attached tissue (remaining oviduct and ovarian bursa), and bisected from the cranial to caudal pole. Under a stereomicroscope (M5-93822; Wild Heerbrugg, Switzerland), visible antral follicles were pierced using a 26G needle attached to a 1 ml syringe. The follicular fluid was discharged into a culture dish from which cumulus-enclosed oocytes were recovered. Isolated cumulus-enclosed oocytes were washed and cleansed of debris by sequential transfer through five drops (100 uJ each) of CMRL-1066 (Sigma) medium supplemented with 5% fetal bovine serum (Hyclone Laboratories Inc., Logan, UT, USA) in Petri dishes (Falcon, 60X12 mm) (Healy and Parker, 1966) . Denuded and unhealthy oocytes, as judged by morphological criteria described for bovine oocytes (Younis et al, 1989) , were discarded prior to any experimental study.
Cumulus-enclosed oocytes were cultured in CMRL-1066 medium (Sigma) modified by adding 50 Hg/ml pyruvate (Sigma), 50 u.g/ml gentamicin sulfate (Sigma) supplemented with 10% fetal bovine serum (Hyclone) and added gonadotrophin [human follicle stimulating hormone (FSH; 5 ug/ml; National Institutes of Health, Bethesda, MD, USA, IOD/BIOL AFP-8792-B) and human luteinizing hormone (LH; 10 ug/ml; National Institutes of Health, NTDDK-hLH-05)] and oestradiol (1 u,g/ml; Sigma) (Younis et al, 1994) . Oocytes were cultured in groups of five to 10 in 1 ml of the same medium per Petri dish (Falcon, 60X12 mm), and incubated for 48 h at 37°C in a humidified atmosphere of 5% CO2 and air. After the removal of cumulus cells, nuclear maturation was assessed by an examination of the oocyte under phase-contrast optics (Zeiss IM35, Germany). Criteria for maturity were: metaphase II (Mil) oocytes had the first polar body; metaphase I (MI) oocytes were those with no visible germinal vesicle (GV) and no first polar body; and GV oocytes were those with a prominent GV. GV stage oocytes were used for experiments soon after isolation without a culture period.
Fluorescence microscopy techniques
To assess the effects of cryoprotective additives and cooling on F-actin microfilament organization and meiotic status, oocytes were fixed in 3% formalin for 35 min at 37°C and then permeabilized for 10 min in 0.1% Triton X-100 in phosphate buffered saline (PBS). They were held in PBS until stained (Johnson et al., 1991) . First, fixed oocytes were incubated sequentially in rhodamine-phalloidin (Molecular Probes Inc., Junction City, OR, USA), 1 IU/ml, for 30 min to label actin. Then oocytes were incubated in 4',6-diamidino-2-phenylindole (DAPI; Sigma), 10 |ig/ml, for 10 min to label chromatin. Oocytes were then rinsed in PBS-azide, mounted in 50% PBS-azide/50% glycerol and compressed gently between a coverslip and a microscope slide. Coverslips were sealed with nail polish, and slides were stored at -20 c C until analysed. An evaluation of the stained oocytes was performed with either a Zeiss IM-35 microscope using a Plan-Neofluar X63 objective, epifluorescence illumination and a 50 W mercury lamp for the evaluation of meiotic status, or a Bio-Rad MRC 600 scanning laser confocal imaging system attached to a Zeiss Axiovert microscope to visualize the F-actin staining. Confocal images were collected and digitized using Bio-Rad COS-MOS Software and were stored as 768X512 pixel (eight bits/ pixel) files.
Fluorescein diacetate (FDA) staining
To assess membrane integrity before osmotic experiments, the oocytes were stained with FDA (Sigma). A stock solution of 5 mg/ml FDA was prepared in acetone and stored frozen at -20°C. The working solution was prepared in PBS supplemented with 3% bovine serum albumin (BSA; Sigma) at ambient temperature. Oocytes were incubated in the staining solution at 37°C for 5 min, washed in PBS, transferred to clean cavity slides and examined at X40 magnification using a Zeiss IM-35 microscope and epifluorescence illumination for 5 s. Oocytes showing bright fluorescence uniformly throughout the ooplasm were separated from those with little or no detectable fluorescence.
Effect of glycerol and cooling on F-actin organization
In these experiments, cumulus-enclosed oocytes from rhesus monkey were used to examine the effects of glycerol on the organization of the actin microfilament network at 23 (ambient temperature) and 0°C.
Glycerol treatment groups were prepared in six microcentrifuge tubes each containing 200 ^1 PBS-BSA supplemented with 0.0, 0.125, 0.25, 0.5, 1.0 or 2.0 M glycerol at 23°C. Between five and 10 cumulus-enclosed oocytes were randomly assigned to each of six 100 (il droplets of CMRL-1066 medium under light paraffin oil on a warm stage at 35°C. Using a 5 |il Drummond microdispenser (Drummond Scientific Company, Broomall, PA, USA), the cumulusenclosed oocytes at 35°C from each CMRL-1066 droplet were transferred to each microcentrifuge tube at 23°C. Thereafter, they were either kept at 23°C or cooled to 0°C by plunging into a water bath at 0°C. Cumulus-enclosed oocytes in microcentrifuge tubes were then incubated for 30 min at either 23 or 0°C. Oocytes exposed to 0°C were warmed rapidly from 0 to 23 °C in a water bath prior to the removal of the glycerol. The glycerol was then removed at 23°C using three 10 min dilution steps of 1.0, 0.5 and 0.0 M for oocytes treated with 2.0 M. In the case of oocytes exposed to 1.0 M, three 10 min dilution steps of 0.75, 0.50 and 0.00 M were used. For oocytes treated with glycerol concentrations of =s0.5 M, the glycerol was removed using a one-step dilution into PBS. Immediately following the removal of glycerol, oocytes were fixed and stained with rhodaminephalloidin and DAPI, as described above.
Morphology of oocyte shrinkage
To elucidate the differences in the morphology of shrinkage of various stages of oocytes, cynomolgus monkey GV, MI and ME oocytes were exposed to a hypertonic solution of 1200 mosm/kg H 2 O at 23°C. The hypertonic solution was prepared by adding an appropriate amount of NaCl to PBS. NaCl was selected to dehydrate the oocytes because the concentration of extracellular NaCl increases drastically during freezing of cells. In a separate set of experiments, oocytes were pretreated with EGTA (1 mM for 10-15 min) and then exposed to a 1200 mosm/kg H 2 O hypertonic solution at 23°C. After a 10 min incubation in hypertonic solution with and without EGTA, the morphology of the oocytes was determined and classified as spherical, where the oocyte uniformly contracted from the zona pellucida revealing the perivitelline space in all directions, or irregular, where one side of the oocyte remained in contact with the zona. The membrane integrity of each oocyte was assessed before shrinkage experiments using FDA, as described above, to ascertain the integrity of the oolemma.
Static osmometric behaviour of oocytes
Static experiments were necessary to determine the osmotically inactive volume (V b ) for use in the calculation of permeability values (Leibo, 1980) . One or two oocytes at a time were exposed to hypertonic solutions at 23°C for 10 min. The hypertonic solutions were made by adding appropriate amounts of NaCl to PBS. The osmolality of each solution was determined using an osmometer. Values were found to be 285, 365, 495, 755, 905 and 1225 mosm/ kg H 2 O. Observations of the osmotic response of oocytes were made on a Leitz upright binocular microscope equipped for video recording. Each oocyte was placed in isotonic PBS-^BSA and then transferred through drops of increasing hypertonicity covered with paraffin oil to prevent evaporation. Following a 10 min equilibration, oocytes were recorded on a video tape for later measurement of the projected image area. Typically, oocytes dehydrated to their equilibrium volume in <3 min and remained at this final volume throughout the experiment (10 min). The projected surface area measurements were used to estimate oocyte volume assuming spherical geometry. The volume fraction was calculated from the ratio of the equilibrium volume in hypertonic solution to the isotonic volume of each oocyte. The average of normalized volume fractions of 10 oocytes for a given osmolality was then plotted against the reciprocal of osmolality to obtain the Boyle-van't Hoff plot. The data were then fitted to a straight line by the least squares method and the osmotically inactive total cell volume was obtained by extrapolating the best fit line to an infinitely concentrated solution (Toner et al., 1990a) .
Cryomicroscopy system
Cryomicroscopy experiments were performed using an upright Leitz binocular microscope with a Hitachi Model KP-111 (Japan) video camera, a Hitachi VM-902 monitor, an SLV-393 Sony VHS (Japan) video cassette recorder, a specially designed cryostage and a system consisting of a computer-based proportional-integral temperature controller (Interface Techniques Company, Cambridge, MA, USA) (Cosman et al., 1989) .
Plasma membrane
The permeability of the cell membrane to water was described using a two-compartment membrane-limited transport model as follows (Mazur, 1963; Toner et al., 1990a,b) .
and
where V is the cell volume, T is the absolute temperature, Lp t is the reference water permeability coefficient at T R =273 K, E^ is the activation energy R is the universal gas constant, A is the cell surface area, B is the cooling rate, v w is the partial molar volume of water, V b is the osmotically inactive volume, n, is the number of moles of solute in the cell, 7" R is the equilibrium freezing point of pure water (273 K) and AH f is the latent heat of fusion for water. The surface area of oocytes was assumed to vary with dehydration using a twothirds power dependence of A upon V. To solve equation 1, the parameters V b , L^ and E^ must be known. The inactive cell volume, Vh, was obtained from static osmometric experiments as described in detail above. The water permeability parameters (Lpg, E^) were determined from experimental measurements of the volumetric behaviour of cynomolgus Mil oocytes during cooling at a rate of 2°C/ min between 0 and -12°C. Only data from spherical oocytes were included in this analysis; oocytes that did not shrink spherically due to the mechanical effects of extracellular ice were excluded from the data. Five oocytes were used in the final analysis. Briefly, L^ and Ejjp were determined by fitting experimentally measured volumetemperature histories for Mil oocytes to theoretically predicted volume-temperature curves (equation 1) using a non-linear regression analysis (Toner et aL, 1990a) . The values for Z^ and £^p were adjusted by iteration until the change in the x 2 statistics between successive iterations converged to Ax 2 /X 2 "^ 0.01.
Intracellular ice nucleation
The probability of intracellular ice formation {PIF) was determined using heterogeneous nucleation theory as follows (Toner et aL, 1993b) :
where subscript 'o' refers to isotonic condition, £!<, and <" are, respectively, the kinetic (pre-exponential) and thermodynamic (exponential) heterogeneous nucleation parameters, AT = 7/ > -T is the supercooling of the cytoplasm, 7f is the equilibrium freezing temperature of the cytoplasm, T| is the viscosity of the intracellular solution and T^] is the extracellular ice seeding temperature. Cryomicroscopic observations at a cooling rate of 50°C/min were used to determine the two ice nucleation parameters. This rapid cooling rate was selected to prevent cellular dehydration during cooling so as to decouple the effects of cellular dehydration from the determination of the ice nucleation parameters. The intracellular ice formation was detected using the cryomicroscope by sudden darkening of the ooplasm during freezing, believed to occur due to light scattering from small intracellular ice crystals. Oocytes at Mil were allocated at random to each experimental trial and cooled at a rate of 50°C7 min. For each experiment, five to 15 oocytes were placed on the cryomicroscope stage under a coverslip. The extracellular ice was seeded at a =-2°C by touching the edge of the sample with a prechilled needle. Data for all experiments were then pooled to generate the cumulative fraction of oocytes with intracellular ice formation as a function of temperature. Fitting of experimental data with equation 2 using a non-linear regression analysis was used to compute the values of Q, and Ko. These values were adjusted by iteration until the change in the % 2 statistic between successive iterations converged to Ax 2 /X 2 < 0.01. Once the intracellular ice nucleation parameters were determined, equation 2 was coupled with equation 1 to predict the probability of intracellular ice formation under various constant cooling rates.
Results
Effect of glycerol and cooling on F-actin organization
To investigate the effects of glycerol on the F-actin organization of rhesus monkey oocytes, cumulus-enclosed oocytes were exposed to various concentrations of glycerol between 0 and 2 M at 23°C. GV stage oocytes were used for these studies because they were isolated from ovaries in large numbers. Untreated GV stage rhesus monkey oocytes were characterized by a reticular chromatin pattern and the disposition of F-actin in three areas: (i) a uniform layer of microfilaments around the cortex; (ii) distinct transzonal processes which connect cumulus cells to the oocyte; and (iii) the corona cells around the zona pellucida ( Figure 1A) . A similar pattern has been described previously for fresh GV rhesus oocytes (Johnson et al., 1991) . Although less intensely stained ( Figure IB) , F-actin organization analogous to that of untreated control oocytes was observed in all oocytes exposed to glycerol at concentrations of <0.5 M. In contrast, oocytes treated in one step with 1.0 and 2.0 M glycerol showed little or no evidence of F-actin staining ( Figure 1C and D) . These results are also summarized in Table I . The meiotic status of cumulus-enclosed oocytes was also assessed after exposure to glycerol and was shown to be at the GV stage.
Cooling oocytes to 0 c C in the presence of glycerol resulted in preservation of the cytoskeleton. All oocytes exposed to glycerol at concentrations of <0.5 M exhibited a strong staining of F-actin similar to the untreated controls (Table I) . F-Actin staining was visible in 80.0% of oocytes exposed to 1.0 M glycerol in one step and in 73.3% of oocytes exposed to 2.0 M glycerol in one step at 0°C.
Morphology of oocyte shrinkage
To study the cellular response to hyperosmotic stress, cynomolgus monkey oocytes were exposed to a hypertonic solution of 1200 mosm/kg H 2 O at 23°C. The oocytes with intact plasma membranes, as judged by FDA staining, responded to exposure to the hypertonic solution by shrinkage and contraction of the ooplasm. The oocytes that failed to shrink (<1%) were those with no visible or barely detectable FDA staining (i.e. those having damaged plasma membranes; data not shown). All GV stage oocytes contracted in an eccentric position ( Figure 2A ISO Figure 2C and D). On the other hand, all Mil ova contracted in a uniform manner ( Figure 2E and F). These changes in shape were reversible within a few seconds of placement in an isotonic solution because oocytes from all meiotic stages returned to their original uncontracted shape. Table II summarizes the typical morphologies of oocytes at various stages of development after exposure to 1200 mosm/ kg H 2 O. In the next set of experiments, oocytes were pretreated with EGTA prior to their exposure to a hypertonic solution of 1200 mosm/kg H 2 O. After equilibration for 10 min in the hypertonic solution, oocytes were examined microscopically for morphological changes. The results showed tfiat 100% of the oocytes at all three stages (GV, MI and Mil) shrank uniformly and spherically. No irregular shrinkage was observed under these conditions. When EGTA-treated GV oocytes were immediately fixed and stained after exposure to the hypertonic solution, a thin cortical layer of F-actin was observed in all oocytes, but the transzonal processes of the cumulus cells were absent from the zona pellucida (Figure 3 ).
Static osmometric behaviour
From equilibrium experiments in various hypertonic solutions between 285 and 1200 mosm/kg H 2 O, the inactive cell volume of GV (EGTA-treated) and Mil oocytes was determined ( Figure  4) . The EGTA treatment of GV oocytes resulted in spherical shrinkage that yielded the ideal osmometric behaviour. A regression analysis of the data showed a linear relationship between oocyte equilibrium volume and the reciprocal of osmolality as follows: V/V o = 0.10 + 0.26/osm (R 2 = 0.8892) for Mil stage oocytes, and V/V o = 0.20 + 0.23/osm (R 2 = 0.9448) for EGTA-treated GV oocytes. This linear relationship confirmed that cynomolgus oocytes behave as a perfect osmometer (i.e. obey the Boyle-van't Hoff law) over the range 285-1200 mosm/kg H 2 O. The intercepts of these lines were used to estimate the osmotically inactive cell volume fractions (Vb/V 0 ) and their SE. The inactive cell volume fraction (±SE) for EGTA-treated GV stage oocytes was 0.20 ± 0.05, and for Mil stage oocytes it was 0.10 ± 0.06. Statistical comparisons indicated that the inactive cell volume fractions were not significantly different at each stage of development (P > 0.05).
Water transport and intracellular ice formation
Once the oocytes were shown to behave as perfect osmometers at suprazero temperatures, experiments were performed to investigate their behaviour during freezing in die presence of extracellular ice. After the seeding of extracellular ice at -2°C, Mil macaque oocytes were cooled at 2°C/min in isotonic PBS-BSA solution. The water permeability (L^) and its activation energy (E^) were determined simultaneously by fitting experimentally measured volume/temperature data to the theoretical model given in equation 1 (Figure 5 ). L^ and Etp were found to be 3.8X1O" 14 m 3 N/s and 141.5 KJ/mol respectively. (These permeability parameters can be converted to non-SI units using the following conversion factors: 1 m 3 N/ s = 6.08X 10" 12 nm/min/atm, and 1 kJ/mol = 0.2389 kcal/mol.) Next, the intracellular ice formation parameters were obtained from freezing experiments at a cooling rate of 50°C/ min. When oocytes were frozen at 50°C/min in isotonic solution of PBS, the cumulative fraction of intracellular ice formation increased from 0 to 1 over a temperature range of 3°C, between -5 and -8°C ( Figure 6 ). Curve fitting equation 2 to pooled experimental intracellular ice formation data yielded the values of Q^ (= 8X1O 8 m 2 /s) and K,, (= 2.2X 10 9 K 5 ). The temperature at which 50% of oocytes underwent intracellular ice formation was «-6.5°C at a cooling rate of 50°C/min. Given the fact that intracellular ice formation is believed to be lethal to cells, it is important to determine the critical cooling rate range over which the cumulative fraction for intracellular ice formation increases from 0 to 1. Experimental freezing studies with Mil oocytes cooled to a final temperature of -50°C showed 0.43 (7/17), 0.80 (4/5), 1.00 (4/4) and 1.00 (21/21) intracellular ice formation for cooling rates of 2, 5, 25 and 50°C/min respectively. The prediction of the maximum cumulative fraction of intracellular ice formation as a function of the cooling rate was computed by integrating coupled Equations 1 and 2. The cooling rate of 1.5°C/min yielded a predicted maximum cumulative fraction of intracellular ice formation of 0.43, in comparison with an experimental cooling rate of 2°C/min.
Discussion
Our results show that glycerol modifies the F-actin organization of GV rhesus monkey oocytes. The data are based on the loss of phalloidin staining, an indicator of actin filaments. Glycerination may depolymerize or extract relatively unstable Temperature (°C) Figure 5 . Experimental measurements of normalized total volume at various temperatures for metaphase II (Mil) macaque oocytes during cooling at a rate of 2°C/min. Five MO stage oocytes were used for these measurements. Error bars represent the SD of the mean.
actin filaments disposed in the oocyte complex or within transzonal processes. This observation is consistent with earlier studies on skeletal muscle and fibroblasts, that showed that comparable glycerol concentrations at ambient temperatures did not affect stable and highly crosslinked actin arrays but did extract less stable actin meshworks (Goldman et al, 1976 ). This deleterious effect may be the result of either a one-step
Temperature (°C) Figure 6 . Temperature dependence of the cumulative fraction of metaphase II macaque oocytes with intracellular ice formation. The cooling rate was 50°C/min in isotonic phosphate-buffered saline. The solid line represents the curve fitted to the experimental data.
cryoprotective additive addition, which may lead to osmotic injury (especially for glycerol concentrations > 1.0 M), or direct toxic damage, which may occur in a time-and concentrationdependent manner. Although it is not possible to distinguish between these two modes of damage from our experimental results, the important finding is that when 1.0-2.0 M glycerol were added to rhesus GV oocytes in one step at 23 °C, the actin filament system was distorted. It is also notable that the temperature of glycerol equilibration influences the effect on F-actin organization. Damage to the actin filament system was reduced greatly when exposure to a high glycerol concentration was combined with cooling to 0°C. The organization of F-actin seems to be unaffected by exposure to a low concentration of glycerol (<0.5 M) for 30 min at either 0 or 23°C. Therefore, equilibration with high concentrations of glycerol (>1.0 M) should be performed at 0°C to avoid damage to the oocyte's cytoskeleton. In contrast, Fuller and Bernard (1984) froze mouse oocytes successfully after equilibration with glycerol at 37°C. This may be because mouse oocytes are less sensitive to glycerol-mediated damage to the cytoskeleton. The effects of dimethylsulphoxide (DMSO) on F-actin organization have been studied in Mil mouse oocytes (Vincent et al., 1990) . The cortical actin network was disrupted by exposure of the oocytes to 1.5 M DMSO at 37°C. Comparable with our result, when cooling was combined with DMSO exposure, the effect of the cryoprotective additive exposure on F-actin organization was reduced significantly. Scanning electron microscopy has revealed that the disruptions of the actin filament system caused by DMSO were associated with changes in the lengths and distribution oolemma microvilli (Vincent et al., 1990) . In the case of goat, propanediol depolymerized the actin microfilaments of both GV and Mil stage oocytes (Le Gal et al, 1994) . Other studies in rabbits, using DMSO or propanediol (Vincent et al, 1989) , and cows, using DMSO, propanediol, ethylene glycol and propylene glycol (Parks and Ruffing, 1992; Williams et al, 1992) , have reported variable effects of the cryoprotective additive on F-actin organization. These variations in cellular response may suggest differences in microfilament organization and stabilization in different species and at different development stages. In addition to alterations in the F-actin organization, there was an irregular shrinkage of the ooplasm when GV or MI cynomolgus monkey oocytes were exposed to a hypertonic solution (1200 mosm/kg H 2 O). In contrast, Mil oocytes shrank in a uniform and spherical manner when exposed to a similar solution. A similar phenomenon was observed in freshly isolated pre-ovulatory human and mouse oocytes, which contract under hypertonic conditions at 0°C (Hunter et al, 1990) . The irregular shrinkage of immature oocytes may then be caused by differences in the microfilament organization between GV, MI and MTI stage oocytes, particularly with reference to the transzonal processes which anchor the plasma membranes of GV and MI oocyte to the zona pellucida and corona cells. Normally, transzonal processes retract during meiotic maturation in concert with mucification and expansion of the cumulus oophorus (Allworth and Albertini, 1993) . Gap junctions disappear at the oocyte-cumulus cell interface during maturation in many species (DeSmedt and Szollosi, 1991; Albertini and Rider, 1994) , and the integrity of structural contacts is known to be influenced by calcium chelators such as EGTA (Campbell and Albertini, 1982) . When the nonhuman primate oocytes were pretreated with EGTA, the irregular shrinkage became uniform and spherical in all oocytes. One plausible explanation for this observation is that EGTA may have disengaged the junctional contacts which anchor the oocyte plasma membrane to the zona pellucida and corona cells, thereby liberating them or uniformly disassembling the cortical microfilaments and preventing the collapse of the plasma membrane. Indeed, when EGTA-treated GV oocytes were immediately fixed and stained after hypertonic treatment, the cytoplasmic foot processes of the cumulus cells were disconnected or not visible (Figure 3) .
The uniform shrinkage of primate oocytes subsequent to EGTA treatment can potentially be advantageous for freezing because it may reduce the mechanical stresses on the plasma membrane. In fact, Vincent et al. (1987) have shown that depolymerizing the actin cytoskeleton integrity prior to freezing in rabbit embryos is beneficial to the recovery of viable embryos. Although the exact mechanism is not known, this study suggests that the freezing tolerance of cells may be related to the state of the cytoskeleton. More recently, Le Gal et al. (1994) have provided direct evidence indicating that the molecular organization of the cytoskeleton is an important factor in regulating the permeability of cells to cryoprotectants and water. Thus, the cytoskeleton plays a major role in regulating the response of the oocyte to the cryoprotectant and freezing-associated stresses, and this important issue warrants further investigation. EGTA-treated GV and MH stage oocytes behaved approximately as ideal osmometers between 285 and 1225 mosm/kg H 2 O. The osmotically inactive cell volume fractions {V^V O ) for EGTA-treated GV and MTI oocytes were 0.20 and 0.10 respectively. Most of the published studies have determined the inactive cell volume of oocytes from various species at the Mil stage. Values of 0.18, 0.20 and 0.22 were reported for mouse MTI oocytes by Leibo (1980) , Bernard et al. (1988) and Toner et al (1990a) respectively. The value reported for hamster oocytes is 0.22 (Shabana and McGrath, 1988) . Published values of the inactive volume for freshly isolated human oocytes vary widely, ranging from 0.14 to 0.48, with a mean value of 0.29 (Hunter et al, 1992a,b) . Thus, our measurement of vyv o = 0.20 for Mil monkey oocytes is in good agreement with published studies from other species. The effects of maturation on inactive cell volume have been determined for bovine oocytes (Ruffing et al, 1993) . Immature, in-vitro-matured and in-vivo-matured bovine oocytes have decreasing inactive cell volume fractions of 0.323, 0.247 and 0.236 respectively. In contrast to bovine oocytes, Le Gal et al. (1994) showed that the inactive cell volume fraction increases from 0.11 to 0.20 during the maturation of goat oocytes. Although our study with non-human primates indicated a decrease in the inactive cell fractions during maturation, this was not a statistically significant change (P > 0.05).
The crucial biophysical parameters that govern the freezing response of cells are plasma membrane water permeability (Lpg) and its activation energy (E^,), and the intracellular ice formation parameters. The water permeability at 0°C for cynomolgus oocytes determined here was five times higher than the published value for the subzero water permeability of mouse ME oocytes (Toner et al, 1990a) and almost three times greater than that for fertilized one-cell mouse embryos (Toner et al, 1993b) . This indicates that ME cynomolgus monkey oocytes are more permeable to water at 0°C than unfertilized and fertilized mouse oocytes. If the published mean values for Lp g of 1.5X 10~1 3 m 3 /N/s at 37°C with an Eô f 14.1 kJ/mol (Hunter et al., 1992b) were extrapolated to 0°C, the permeability value of 4.1X10-' 4 m 3 /N/s at 0°C for human oocytes agrees closely with the Lp^ value for ME cynomolgus oocytes found here. In the case of in-vitro-matured bovine oocytes, the water permeability was estimated to be -4.1 X 10~1 4 m 3 /N/s at 0°C, also in close agreement with current measurements (Ruffing et al, 1993) . With respect to the activation energy for the water permeation process, the Ev alue determined here is 2-to 3-fold greater than the value reported for the ME mouse oocytes under subzero (55.7 kJ/ mol; Toner et al., 1990a) or suprazero (60.7 kJ/mol; Leibo, 1980) conditions, for immature bovine oocytes (52.3 kJ/mol; Myers et al, 1987) and for in-vitro-matured bovine oocytes (32.8 kJ/mol; Ruffing et al., 1993) . The E^ values for human oocytes have been shown to be extremely low (14.1 kJ/mol for fresh pre-ovulatory oocytes, and 8.1 kJ/mol for failed to fertilize) at suprazero temperatures (Hunter et al, 1992b) . Although the exact nature of these differences in the temperature dependence of the water permeability of oocytes from various species is not known, these results clearly show that the extrapolation of a cryopreservation protocol from one species to another may not be appropriate. The high activation energy of water permeability found here suggests that during the freezing protocol the movement of water across the plasma membrane of non-human primate oocytes is relatively slow at low temperatures, and slow cooling rates may be required to prevent the formation of intracellular ice.
Although water permeability parameters enable us to predict the amount of water remaining in oocytes during freezing, they do not provide any information with respect to the likelihood of intracellular ice formation. To this end, the kinetic and thermodynamic parameters of intracellular ice formation were estimated from rapid cooling experiments at a rate of 50°C/min. Because this cooling rate was too fast for any cellular dehydration to occur, intracellular ice formation was determined without the effects of cellular dehydration and changing cytosolic composition. These values were in the same range as previous results with mouse Mil oocytes (Toner et al, 1990b ) and 1-cell mouse embryos (Toner et al., 1993b) . By combining the models of water transport and ice nucleation, the cumulative fraction of cells with intracellular ice as a function of the cooling rate can be predicted. In this study, the theoretical predictions and experimental observations showed that cooling rates of 1.5 and 2.0°C/min resulted in a similar cumulative fraction of intracellular ice formation, i.e. 0.43. This result is in the same range as those reported for Mil mouse oocytes (Toner et al., 1993a) and mouse embryos (Toner et al., 1993b) . It is worth mentioning that this study was performed in the absence of cryoprotective agents. The presence of cryoprotectants may alter the behaviour of monkey oocytes, and such studies need to be performed.
In summary, we have demonstrated the harmful effects of high concentrations of glycerol on F-actin organization around the cortex and in the transzonal processes of rhesus monkey oocytes. These effects were reduced significantly when exposure to high glycerol was combined with cooling to 0°C. We have also reported an irregular shrinkage phenomenon with GV and MI cynomolgus monkey oocytes subjected to hyperosmotic stress. The irregular shrinkage became uniform and spherical when the GV oocytes were pretreated with EGTA before exposure to a hypertonic solution. Moreover, the osmotic response and ice nucleation parameters of cynomolgus monkey oocytes were determined at subzero temperatures. Studies are now underway to determine the effects of cryoprotective additives on the biophysical and osmotic properties of nonhuman primate oocytes.
